Unusually high densification ⩽26% was obtained without lateral residual stresses within the laser beam waist inside porous glass during its multi-shot femtosecond laser irradiation, which may induce in the glass the related high refractive index change ~0.1. Corresponding laser irradiation regimes, resulting in such ultra-densification, decompaction and voids inside the glass, were revealed as a function of laser pulse energy and scanning rate, and were discussed in terms of thermal and hydrodynamic processes in the silica network.
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Introduction
Porous glasses (PG) represent a specific promising kind of glass with multiple buried hollow channels and pores, which can be potentially filled in with different substances to provide selective absorption, lasing, and optical nonlinearity [1] [2] [3] . Typically, an average pore size in PG samples varies from 2 to 10 nm [4] . Local variation of PG mass density allows the fabrication of different complex embedded 3D-microstructuresaspherical micro-optical elements, matching components or soft diaphragms [5] [6] [7] [8] [9] . Laser-induced variation of local PG density up to complete closure of pores makes it possible to vary broadly adsorption properties of PG, thus providing control of diffusion processes in such a branched system [10] [11] [12] [13] . On the other hand, local decompaction up to the formation of hollow micro-channels in some pre-defined configurations with pre-determined channel diameters is also highly demanding. As a result of such local densification and decompaction laser-micromachining processes, PG is a novel emerging optical platform for the fabrication of integrated micro-and nano-devices for photonic, plasmonic, microfluidic and micro-pneumatic applications [14] [15] [16] [17] [18] .
Similar changes of local mass density and the related refractive index in different bulk silica glasses (in part icular, fused silica), induced by ultra-short laser pulses, have attracted a lot of attention in previous years [19] [20] [21] [22] . On this material platform, different buried optical and microfluidic elementswaveguides, chambers, channels, their circuits or integrated microdevices can be routinely fabricated via laser-induced 3D local micromodification of mass density and related refractive index in such materials. Unfortunately, only minor refractive index changes were be achieved in this way (∆n ~ 10 ), owing to intrinsic mechanical and energetic limitations on densification and decompaction in such normal-density materials [23] . This strongly contrasts with porous glass as a novel emerging optical platform for fs-laser micromachining, where much larger local changes in mass density and the related refractive index (up to ∆n ~ 0.12 in the quartzoid phase) become possible [24] . Meanwhile, up until now, the only local surface PG densification with the refractive index change from 1.33 till 1.46 has been accomplished under the action of the CO 2 (λ = 10.6 μm) laser radiation [6, 8, 25] over the 25-50 μm-wide modification regions, owing to the commonly strong CO 2 -laser absorption in silica glasses [26] .
Femtosecond laser-induced stress-free ultra-densification inside porous glass
Moreover, local density changes inside PG may potentially proceed without the appearance of lateral residual stresses [9] , which are usually present for normal-density glasses [27] . Hence, the highly promising PG potential for fs-laser microfabrication of diverse advanced micro-photonic devices has not yet been explored.
In this Letter, we report on fs-laser irradiation regimes, resulting in stress-free ultra-densification, decompaction and void formation inside porous glass as a function of laser pulse energy and scanning rate, and discuss these regimes in terms of thermal and hydrodynamic processes.
Experimental details
We used PG samples (8V-NT type) in the form of 1 mm thick polished plane-parallel plates. The average pore size was 5 nm, the total porosity σ = 26% and the specific surface of the pores ≈210 m Laser micromachining inside the PG samples was carried out, utilizing a Yb-doped fiber laser Satsuma (Amplitude Systèmes, France) at the 515 nm second-harmonic wavelength, the pulse duration (FWHM) of 200 fs, the maximum pulse energy E p ≈ 2.3 μJ and the fixed repetition rate of 500 kHz. The samples were arranged onto a computercontrolled XYZ translation stage Standa (8SMC1-USBhF), substituting a sample stage of a microscope Levenhuk 630, and linearly translated at different scan velocities v 1 in the range of 0.01-4 mm s −1 . A 10 × objective (NA = 0.25) of the microscope focused the fs-laser pulses introduced via its upper trinocular input, inside the PG samples, while an ocular color videocamera DCM310 was arranged in a binocular set to monitor the micromachining process. The schematic view of the experimental arrangement is shown in figure 1 . At the focusing conditions, the pulse energies E p = 1.5-2.3 μJ of femtosecond laser pulses were sufficient to achieve in the beam waist corresponding peak laser intensities of 8.0 · 10 13 -1.2 · 10 14 W cm −2 .
Experimental results and discussion
Different fs-laser micromachining regimes were observed in our experiments, when the basic experimental parametersscan speed and laser pulse energy-were varied in the ranges, represented in table 1. Different linear microstructures were produced inside the PG samples, scanned at variable speeds, as a result of femtosecond laser pulses micromachining at different pulse energies. In the first regime, bright linear light-focusing ultradensification regions with the related increased refractive index appeared for E p > 1.5 μJ in the speed range v 1 = 0.625-3.75 mm s −1 ( figure 2(a) ). Images of the buried regions inside the PG sample were also taken, using linearly polarized light with a crossed polarizer/analyzer pair ( figure 2(b) ), indicating the absence of lateral residual mechanical stresses around the densified region.
In the second regime, the increased number pulses per shot at the lower scan speeds v 1 = 0.05-0.625 mm s −1 and the slightly higher pulse energy E p ≈ 2.2 μJ resulted in local partial decompaction inside the PG sample (the dark defocusing or scattering regions in the transmitted light in figures 2(c) and (d)). Compared to the first regime, the size of the lasermodified regions in this regime increased by two times in response to just a 10%-increase of the fs-laser pulse energy, indicating the threshold-like character of decompaction in terms of E p . Nevertheless, images of the laser-decompacted regions in linearly polarized light with a crossed polarizer and an analyzer demonstrated no collateral residual stresses.
Finally, laser micromachining in the third regime at the higher pulse energy E p ≈ 2.3 μJ and the lower scan speed v 1 = 0.012 mm s −1 yielded in the formation of voids, overlapping during the multi-shot PG exposure in the form of hollow channels ( figure 2(e) ). Following the even smaller (5%) increase in E p , the lateral size of the laser-modified regions increased by five times-specifically, from 3 to 15 μm, while, again, lateral residual stresses were absent ( figure 2(f) ).
Overall, these three experimental regimes are presented in figure 3 in the coordinates 'laser pulse energy-the number of accumulated laser pulses'. This figure demonstrates their well-defined regions with the prominent borders in the parameter space, where both fs-laser pulse energy and the number of accumulated pulses are crucial to manage thermal, hydrodynamic and mechanical dynamics in the molten material.
In terms of fs-laser pulse energy, the appearance of distinct ultra-densified regions in the form of waveguide fragments ( figure 2(a) ) for E p > 1.5 μJ can be related, according to previous calculations [29, 30] , to PG heating in the focal region via nonlinear optical effects [24] till its densification temperature ~1 × 10 3 °С, when pores collapse inside the glass [31] . Below the densification threshold energy, only occasional separate densified regions can be observed during scanning of the PG bulk by the focused fs-laser beam owing to its intrinsic inhomogeneities. Densification of this material in the focal region makes possible viscous hydrodynamic flows, graduallyfrom pulse to pulse-rising to rather homogeneous densification in the focus without lateral stresses ( figure 2(b) ), which relax over the molten or softened peripheral material via nanoscale growth of the intrinsic pores. It is the nanoporous PG character that provides its moderate densification without residual lateral stresses. In addition, the size of densified regions gradually changes from 3 to 5 μm versus increasing the number of pulses accumulated inside the micromachining area (figures 3(a) and (b)).
Then, at higher fs-laser pulse energies-up to 2.2 μJ-the temperature of the molten glass in the focal region can approach 3 × 10 3 °C [29, 30] , exceeding the silica boiling temperature ~2.2 × 10 3 °С [32] . Such higher temperatures of the molten glass are favorable for its faster-for the smaller number of pulses-ultimate densification to the quartzoid density of 2.2 g cm −3 owing to the reduced melt viscosity [33] . In contrast, the pronounced reduction of the refractive index is observed for E p > 2.2 μJ (dark track of light-defocusing voids in figure 3(c) ), indicating the central rupture of the densified core along the scanning direction (local decompaction, void formation). Such decompacted microregions were recently studied in detail [19, 34, 35] , revealing their nanoscale heterogeneous (foam-like) structure and possible formation mech anism [36] . Possible reasons for such rupture were considered to be nonthreshold residual lateral stresses in quenched silica melt [34] or a threshold-like onset of homogeneous glass boiling in the central temperature maximum and the related thermoacoustic generation of radial compression and succeeding rarefaction pressure waves, with the latter one potentially initiating boiling and rupture in the center [34] . The nanofoam-like morph ology of the decompacted region in figure 2 in [34] supports the tension/boiling decompaction origin, similarly to the spallative rupture on the fs-laser ablated surfaces [37] .
Finally, at the maximum pulse energy E p = 2.2 μJ and the high number of accumulated laser pulses N ~ 10 5 , separate decompacted regions as chain-like sequences of voids ( figure 3(d) ) merge into a continuous hollow channel ( figure 3(e) ). At the lower scanning speeds, the large number of pulses accumulated per spot acts as effective upscaling of melt lifetime during decompaction, supporting void formation and merging during slow viscous hydrodynamic flows. As a result, the channel diameter gradually rises till 15 μm for the increasing number of accumulated pulses ( figure 3(e) ).
Conclusions
In conclusion, we studied femtosecond laser micromodification processes in porous glass, which is a novel promising optical material platform for fabrication of integrated photonic micro-and nano-devices. A gradual sequence of ultradensification, decompaction and void formation processes was observed in such glass via its single scan by varying energy and/or the number of accumulated focused femtosecond laser pulses. It is the porous mesostructure of the mat erial that enables its ultimate densification and, potentially, the related high refractive index contrast. Moreover, residual lateral tensile or compressive stresses can be nearly completely eliminated (damped) by the porous structure upon ultra-densification or hollow channel formation, respectively.
